Transparent, flexible electronic skin holds a wide range of applications in robotics, humanmachine interfaces, artificial intelligence, prosthetics, and health monitoring. Silver nanowire are mechanically flexible and robust, which exhibit great potential in transparent and electricconducting thin film. Herein, we report on a silver-nanowire spray-coating and electrodemicrostructure replicating strategy to construct a transparent, flexible, and sensitive electronic skin device. The electronic skin device shows highly sensitive piezo-capacitance response to pressure. It is found that micropatterning the surface of dielectric layer polyurethane elastomer by replicating from microstructures of natural-existing surfaces such as lotus leaf, silk, and frosted glass can greatly enhance the piezo-capacitance performance of the device. The microstructured pressure sensors based on silver nanowire exhibit good transparency, excellent flexibility, wide pressure detection range (0−150 kPa), and high sensitivity (1.28 kPa −1 ).
I. INTRODUCTION
Electronic skin is a kind of electronic device that mimic the tactile function of the human skin. With the characteristics of flexible and thin, electronic skin devices can measure positive pressure and received increasing interest in recent years [1, 2] . As early as 1991, Jensen [3] and Kolesar et al. [4] have developed prototype of tactile devices of robot, but all the materials used were hard materials. In 2004, Someya et al. reported the first example of flexible electronic skin with tactile function [5] , the sensor array made of flexible electronics can change the shape of the robot, and can be used for simultaneous measurement of temperature and pressure [6] . Bao et al. reported a flexible capacitive pressure sensor design of electronic skin with indium tin oxide film as electrode and microstructured PDMS as the dielectric layer [7] , and a capacitive pressure sensor based on carbon nanotube film on flexible polydimethylsiloxane (PDMS) substrate [8] .
Improving sensitivity by microstructuring the functional layer of the pressure sensors has become a main approach in recent years. Pang et al. reported an interlocking microstructure of the nano fiber arrays to prepare the highly sensitive resistance type stress sen- † These authors contributed equally to this manuscript.
* Authors to whom correspondence should be addressed. E-mail: njuxuliangliang@163.com, ljpan@nju.edu.cn sor [9] . Ali et al. used nanolithography technology to prepare the electronic skin sensor [10] . In 2013, Yao et al. prepared the resistance stress sensor based on the graphene fiber [11] . Zhang et al. reported carbon nanotube electrode for resistance type stress sensor [12] . To design and produce electronic skin devices, the trend is to use flexible and transparent materials to produce electrode and use microstructure design to promote sensing performance [13] [14] [15] [16] . Silver nanowire (AgNWs) are mechanically flexible and robust, and show great potential in transparent and electric-conducting thin film. Herein, we report on a silver-nanowire spraycoating and electrode-microstructure replicating fabrication strategy to construct a highly sensitive and flexible electronic skin device. The electronic skin device shows sensitive piezo-capacitance response to pressure. It is found that micropatterning the surface of dielectric layer polyurethane (PU) elastomer by replicating from natural surfaces, such as lotus leaf, silk, and frosted glass, can greatly enhance the piezocapacitance performance of the device. The microstructured pressure sensors based on AgNWs exhibit good transparency, excellent flexibility, wide pressure detection range (0−150 kPa), and high sensitivity (up to 1.28 kPa −1 ).
II. EXPERIMENTS

A. Materials and equipment
Silver nitrate, D+ glucose, poly(vinylpyrrolidone) and sodium chloride, PU (component AB and release agent), Ecoflex (group AB), Tris, hydrochloric acid, dopamine hydrochloride, and copper tape were commercially available and used as received.
B. Preparation of AgNWs
Ultra-long AgNWs were synthesized by a simple hydrothermal route. In a typical synthesis procedure, silver nitrate (0.02 mol/L, 15 mL) (Sigma-Aldrich, 10220), D+ glucose (0.12 g, 5 mL) (Sigma-Aldrich, G8270), poly(vinylpyrrolidone) (PVP, M w =40000) (1 g, 5 mL) (Fisher Scientific, BP431), and sodium chloride (0.04 mol/L, 15 mL) (Fisher Scientific, S93361) were prepared in deionized water (DI) as four separate solutions, in a well dissolved form. PVP solution was prepared at 65
• C while the rest of the solutions were prepared at normal room temperature. Glucose solution was added to silver nitrate solution with continuous stirring. After 5 min to 10 min, PVP solution was added and stirred for 20 min until it mixed well. Afterwards, sodium chloride solution was injected drop-wise into the above solution with continuous stirring until it fully dissolved. This turbid hydrosol was added to a 50 mL Teflon-lined stainless steel autoclave and heated in an oven at 160
• C for 22 h. After that, the autoclave was air cooled to room temperature unaided and the final product in the form of a fluffy gray white precipitate was collected by centrifugation at a speed of 2500 r/min for 60 min and washed thrice with distilled water and 3 to 4 times with isopropanol. The final product was dispersed in isopropanol storage in refrigerator for future use.
C. Preparation of micropatterned PU substrate
To replicate the microstructure of natural available templates of lotus leaf, silk, and frosted glass, the templates was bonded to the bottom of culture dish and the liquid precursor of PU were cast in. The culture dishes were shaken to make PU precursor cover the bottom surface, and flow flat. Then, the culture dish was then placed in an oven for 2 h at 80
• C to cure PU, and the flexible substrate with surface microstructure is obtained by peeling off the templates and cutting for the required size.
D. Preparation of electrode
1 mL AgNWs suspension solution (40 mg/mL in isopropyl alcohol) were measured and mixed with 20 mL solution in isopropyl alcohol, and ultrasonic dispersing for 5 min. The obtained AgNWs dispersed solution can be used for spray coating on the substrate. Required amount of solution was calculated and loaded in the spray gun. The microstructured PU substrate was placed on hot stage with a constant temperature 80
• C, and the AgNWs suspension solution were sprayed on the substrate until the resistance of the film measure is less than 100 Ω. After that, the substrate was heat treated at temperature of 200
• C for 20 min. The electrode was connected with a thin copper foil tape at the edge of the conducting PU substrate to obtain a complete electrode.
E. Preparation of Ecoflex dielectric layer
To prepare the dielectric layer, 1 g Ecoflex component A and 1 g Ecoflex component B were mixed in a small plastic cup, and degassed by pumping for 2 min. The substrate was dip coated in Ecoflex precursor, and spun at 600 r/min for 20 s and 8000 r/min for 40 s. The dielectric layers of the electrode were cured in the oven at 70
• C for 5 min, and sandwiched between two conducting PU electrode to form the device. And the device was treated in the oven to complete curing (15 min).
III. RESULTS AND DISCUSSION
A. Device structure and working mechanism
The electronic skin devices were integrated by laminating the electrodes with the structure as shown in  FIG. 1 . The bottom layer is a driving electrode, the toplayer is an induction electrode, and the middle layer is made of dielectric elastic material. The piezo-capacitance effect will be caused by changing the thickness of the dielectric layer under the interaction of pressure, which is discussed as follows.
The initial capacitance (C) of the device is proportional to the device effective area (S) and the thickness of the dielectric layer (d).
When the interfacial stress is applied on the surface of a new type of pressure sensor, the distance in z-direction between the driving electrode and the sensing electrode is reduced, which causes the output change of the capacitance:
Eq.(2) is expanded to It can be known that there is no linear relationship between the variation of output capacitance and the distance between electrodes. In the above equation, the higher order infinitesimal is ignored, and resulted in:
Eq.(4) shows that when the interfacial pressure is applied on the sensor, the capacitance C increases with the decreases of electrode spacing of d. Therefore, measuring C would be able to estimate the value of applied pressure.
B. Device fabrication
AgNW is a kind of one dimensional (1D) material with excellent and unique electrical, mechanical, thermal, chemical, and electronic properties [17] . FIG. 2 shows the scanned electric microscope (SEM) image of the as-prepared AgNWs, which shows high aspect factor>1000 with diameter ∼50 nm and length over 50 µm. The AgNWs suspending solution in isopropyl alcohol was used to fabricate electrodes on elastic PU substrate by spray coating technology.
It is found that the AgNWs are the most suitable material for the functional electrode of pressure sensor aming AgNW, single-walled carbon nanotubes (SCNT), and silver foil. We compared the performance of the electronic skin device with spray coated electrode of these materials, the results showed that the AgNWs electrode has the highest positive pressure sensitivity as presented in FIG. 4 , which may be resulted from its high conductivity and flexibility. The SEM images of AgNWs and carbon nanotube electrode were compared in FIG. 3 , it seems that AgNWs tend to be homogeneously dispersed on the substrate while the SCNTs tends to be aggregated into bundles, which may also result in higher sensitivity of the pressure sensor of AgNWs.
C. Optimization of AgNWs density
We found that the surface-specific density of the AgNWs affects the sensitivity of the device. As shown in FIG. 5(b) , the sensitivity of the capacitive pressure sensor is increased with the increased density of the AgNWs in a certain range. After the density of the AgNWs is over 2.2 mg/cm 2 , the sensitivity of the capacitive pressure sensor is decreased. The high density of AgNWs with dense distribution may be favorable for a higher capacity because of higher occupied surface area of AgNWs; while very thin AgNWs electrode may have lower substantial capacity. However, with too high density of AgNWs, the flexibility of the electrode may be decreased and thereafter resulting in reduced sensitivity of the device.
D. Replication of microstructure on substrate surface
Inspired from that insects and animals microstructure of their sensory receptor increase their sensing performance, we replicated the electrode surface with microstructure of natural existed objects, and found that micropatterning of electrodes significantly promoted the device performance. The PU substrate were micropatterned by cast replicating from three kinds of natural materials as template, such as frosted glass, silkcloth, and lotus leaf, as shown as the SEM images in FIG. 6. After that, the AgNWs were deposited on the micropatterned PU substrate.
The microstructured electrodes presents greatly enhanced sensitivity against pressure, as shown in FIG. 7 . This may be because that the surface microstructure may show a smaller effective Young modulus, and the surface microstructure can be deformed sensichanged even with a small pressure. Our E-skin pressure measuring method has high reliability, the relative expanded uncertainty in the pressure measuring was calculated to be ∼0.44% (supplementary materials).
E. Optimization of electrode substrate
During the spray coating process of the conductive electrode, we found that AgNWs has low adhesion strength on PDMS surface, most likely due to the non- polar nature of PDMS, which is the most popular substrate material of E-skin [18] . Alternatively, we found that PU can be an excellent substrate, which present both good mechanical properties and strong adhesion with AgNWs.
PU are elastic rubber with strong carbamate polar, oil resistance, aging resistance, and good adhesion. For a thin film of 200 µm thickness, PU can be stretched as the original 2 times longer without fracture. The tensile strength, elongation at break, tear of PU is far stronger than ordinary rubber, shows its strong wear resistance and excellent mechanical properties.
PU and AgNWs have a strong adhesion effect, which is in accordance with the strong adhesion of PU and silver nanoparticles as reported in Ref. [19] . We found that AgNWs spray coated on PU has higher adhesion strength, in contrast, AgNWs on PDMS is easy to be exfoliated. This is because the surface of PU contains a large number of primary amine (-NH 2 ) and secondary amino (-NH-), the lone electron pair of N atom interacting with the empty atom obit of silver atom sofsilver and resulted in firmly attached AgNWs on the surface of PU.
IV. CONCLUSION
By using a high aspect AgNWs layer as the conductive electrode, we constructed flexible, transparent, highly sensitive electronic skin device. The high quality AgNWs with high aspect ratio forms a conductive network with high conductivity, which exhibited to be the most optimal electrode material among AgNWs, SWCNT, and silver foil. We found that PU can be an excellent flexible substrate with strong adhesion to AgNWs. The PU dielectric layer were microstructured by replicating from natural surface of frosted glass, silk, and lotus leaf, which is proven to be a low cost microfabrication strategy and effectively improve the sensitivity of the E-skin devices. Such a kind of transparent and flexible electronic skin with low fabrication cost has wide range of potentials in robotics, human-machine interfaces, artificial intelligence, prosthetics, and health monitoring.
Supplementary materials: The calculation of the relative expanded uncertainty in the E-skin pressure measuring.
